Abstract. Mammography images undergo vendor-specific processing, which may be nonlinear, before radiologist interpretation. Therefore, to test the entire imaging chain, the effect of image processing should be included in the assessment of image quality, which is not current practice. For this purpose, model observers (MOs), in combination with anthropomorphic breast phantoms, are proposed to evaluate image quality in mammography. In this study, the nonprewhitening MO with eye filter and the channelized Hotelling observer were investigated. The goal of this study was to optimize the efficiency of the procedure to obtain the expected signal template from acquired images for the detection of a 0.25-mm diameter disk. Two approaches were followed: using acquired images with homogeneous backgrounds (approach 1) and images from an anthropomorphic breast phantom (approach 2). For quality control purposes, a straightforward procedure using a single exposure of a single disk was found adequate for both approaches. However, only approach 2 can yield templates from processed images since, due to its nonlinearity, image postprocessing cannot be evaluated using images of homogeneous phantoms. Based on the results of the current study, a phantom should be designed, which can be used for the objective assessment of image quality.
Introduction
Model observers (MOs) are currently being evaluated for use in image quality assessment of x-ray imaging systems. [1] [2] [3] [4] [5] [6] In these studies, the nonprewhitening (NPW) and/or the channelized Hotelling observer (CHO) are the MOs most commonly used to evaluate the detectability of an object in images acquired with a particular system. These MOs are chosen because of their relatively limited computer processing power requirements. More importantly, the evaluated MO-based detection task is assumed to be, at least partly, representative of the radiological task.
In screening mammography, the task of the radiologist is identifying the very few cases containing (subtle) signs of malignancy in a large set of images. The presence of structures like masses, calcifications, and/or architectural distortions are features, which might be signs of malignancy. 7 Therefore, it could be argued that the probability of detecting such features when present is a measure of image quality. In mammography, it has been demonstrated that the ability to detect calcifications can be predicted, to some extent, by evaluating the detection of small disk-shaped objects embedded in homogeneous phantoms. 8 Breast images are processed to optimize the display of images on softcopy reading stations for reading by radiologists. 9, 10 However, due to their nonlinear nature, the impact of this image postprocessing on image quality cannot be evaluated using images of homogeneous phantoms. This is because the behavior of these algorithms may be different when applied to these phantom images as opposed to real patient breast images, due to differences in image characteristics (for example, in cases of histogram-based contrast adaptation). Therefore, after applying image processing, the system may no longer be assumed to be linear. MOs do not require the system to be linear nor the use of homogeneous phantoms. Therefore, MOs, in combination with anthropomorphic breast phantoms, have been proposed as appropriate for assessment of image quality. 1, 2, 4, 11, 12 However, to the best of our knowledge, there has not yet been a proposal on the actual procedures required to use MOs as part of a quality control (QC) process.
In this study, we focused on the detection of a 0.25-mm diameter gold disk (the signal), which is evaluated by the nonprewhitening MO with eye filter (NPWE) and the CHO. The NPWE correlates the images with the expected signal and requires that the signal to be detected is known. For the CHO, the images are divided into two sets: a training set and a test set. The evaluation is then performed by correlating the channelized covariance matrix of the training set with the test set. If the pixel correlation is independent of the signal and equal for the images with and without the signal, the training set could be limited to images without signal and a template of the expected signal.
In the previous work, we proposed a method to construct a template of the expected signal from acquired images for use in the NPWE. 13 The proposed procedure was subsequently used to evaluate the detection probability of disk-shaped objects in images of two digital mammography (DM) systems with and without image processing applied. 1 The latter study demonstrated that the proposed procedure has potential for objective evaluation of processed images. However, the proposed procedure 13 to construct the template is not yet optimized for implementation in QC procedures. The number of exposures needed for this approach was too large to be used in QC procedures. Therefore, the goal of this work is to optimize the template construction from acquired images such that the number of acquisitions required to generate a signal template is as low as possible while resulting in a sufficiently accurate prediction of the values of the area under the (receiver operating) curve (AUC).
Methods

Introduction of NPWE and CHO
MOs are used to determine a decision variable λ for images with (i ¼ 1) and without (i ¼ 2) the signal to be detected. For linear MOs, this λ is estimated from a linear transformation between an observer template (w) and the image vector (g) via:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 4 4 1 λ i ¼ w
where t is the transpose, and i is the image class of two-dimensional images, which are treated as one-dimensional vectors (vectors and matrices are annotated using bold symbols). Using Eq. (1), the decision variables based on the images with and without signal, λ 1 and λ 2 , respectively, are estimated. Subsequently, the performance of the MO is evaluated using the AUC estimated using the methodology described by Gallas: 14 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 3 3 3 AUC ¼
where ΔðÞ is a step function, which equals 1 when (λ 1j − λ 2k ) is positive, 0 when (λ 1j − λ 2k ) is negative and 0.5 when λ 1j ¼ λ 2k . N 1 and N 2 are the total number of signals present and signal absent images, respectively. The variance of the AUC is estimated using the one-shot estimate for a single observer 14 based on the estimated decision variables.
NPWE
For the NPW, the signal template (w NPW ) equals the expected signal (s) to be detected:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 1 6 3 w NPW ¼ s:
To account for the frequency response of the human eye, an eye filter is included. We refer to this MO as the NPWE MO. 15 After inclusion of the eye filter (E), the decision variable is estimated using the following:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 8 8λ
where the eye filter is given in line pairs per degree ðϕÞ and is defined as in our previous work: 1 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 7 3 0
These eye-filter parameters were chosen because they were deemed appropriate for this type of background, and they were found to be able to predict human detection performance, based on the work of Bouwman et al. 16 
CHO
For the CHO, the dimensionality of the image data g is reduced using channels. The channel set used in this study is the dense difference of Gaussian as defined by Abbey and Barrett 17 is a matrix U:
This method for w CHO estimation is thoroughly used for the CHO, where the different acquired templates were investigated. This covariance calculation of the signal absent images for CHO experiments is found in the work of Diaz et al. 20 and Racine et al. 21 In this study, we compared the observer template given by Eqs. (8) and (11) . For Eq. (11) , different formulations of s were used as explained in more detail in Sec. 2.3.
The performance of the CHO was calculated in two steps. In the training step, w CHO is estimated. In the testing step, the decision variables are estimated. Ideally, for both the training and the testing stage, two independent sets of images of an infinite size should be used. In practice, this is not feasible due to the limited number of exposures. In general, two different training-testing methods can be used when evaluating a limited set of images: 22 resubstitution, which means that the set of training images equals the set of test images, or the hold-out method, where the set of available images is divided into an independent training-and test-set. The results of both approaches will converge when a sufficient number of images is used.
Image Acquisition
Images from an anthropomorphic breast phantom containing a sheet with gold disks of 0.25 mm in diameter ( Fig. 1) , as previously described, 1 were used in this study. Briefly, the anthropomorphic breast phantom is 3-D printed from a patient image acquired with a dedicated breast CT system (Koning Corp., Rochester, New York) that has undergone tissue classification and simulated mechanical compression. For the use as targets, in total, 29 gold disks with a thickness of 0.50 μm were deposited on 0.05-mm-thick aluminum squares of approximately 10 × 10 mm size. These aluminum squares were positioned on a transparent sheet. Images of this phantom with the sheet were acquired on a Selenia DM system (Hologic Inc., Bedford, Massachusetts) using a 28 kV W/Rh x-ray spectrum and a range of tube current-exposure time product values resulting in an incident air kerma at the phantom of approximately 0.36, 0.54, 0.81, and 1.26 mGy. To acquire images without signal, a similar sheet with aluminum squares without gold disks was used. Images with the disk-absent sheet were acquired in the same way as those with the disks present. From the acquired images, regions of interest (RoIs) with and without signal were extracted such that the center of the gold disk was approximately in the center of each RoI. For this purpose, an automatic routine was developed to select the aluminum squares and find the highest intensity within the center of this square to obtain the position of the gold disks.
1 Subsequently, the RoIs were cropped such that the gold disk is in the center of an RoI 89 × 89 pixels in size. In total, 200 RoIs with and without signal were extracted from processed and unprocessed images for each dose level.
Template Generation from Acquired Images
To obtain a high-quality template from acquired images, a fourstep procedure 13 is proposed:
1. Acquire 100 images of the transparent sheet with gold disks in air at a relatively high-incident air kerma (4.2 mGy). The sheet should be positioned such that the magnification is similar compared to that when the sheet is positioned inside the anthropomorphic breast phantom. During acquisition of these 100 images, the sheet is moved and repositioned four times from its original location (R1) after every 20 acquisitions. Each reposition involved a slight movement of the sheet in the left, right, anterior, and posterior directions, always making sure that the gold discs remained within the phantom. The reposition was done to take into account the partial filling effect in the template generation since the gold disk size was close to the system's pixel size. This means that 20 exposures were made at each of five positions (R1, R2, R3, R4, and R5).
2. Register all 100 (20 × 5) images rigidly across repositions using the location of the gold discs as fiducials, which was feasible because they had the highest intensity. Images were registered on a whole-pixel level and not on a subpixel level thus without interpolation. Average over the new image ensemble and extract squares with the signal at their center.
3. Suppress the signal for each square inside a patch, which is ∼2 pixels bigger than the expected signal size using an inward interpolation algorithm with a built-in MATLAB function (MATLAB 2015a, Matworks Inc.). For a 0.25-mm disk imaged on a system with an effective pixel size of 0.07 mm, the patch size for the inward interpolation was 5 × 5 pixels.
4. Subtract the results of step 3 from the average image obtained in step 2 to get the signal template.
It has been demonstrated that after inclusion of the template shifting to address any location uncertainty of the signal center, the proposed procedure resulted in similar AUC measures compared to a synthetic signal for the NPWE. 13 This synthetic template was generated from a high-resolution binary disc. The binary disk was then rescaled and downsampled to match the size of the 0.25-mm diameter disc-shaped signal as being imaged by a system of pixel size 0.07 mm (without taking the modulation transfer function into account). Consequently, the synthetic signal was of the same size as in the acquired images of the 0.25-mm gold discs. However, the procedure described in steps 1 to 4 is very timeconsuming, making it unsuitable for QC procedures and requiring optimization. For this optimization, we started from two different perspectives. Template generation from separately acquired images of (1) a homogenous background, as explained above, and (2) the anthropomorphic breast phantom with the sheet containing the signals.
For each acquired template, the NPWE and the CHO MObased AUCs were determined for images acquired with an incident air kerma of ∼0.36 mGy. This dose level was used to achieve a SNR that would result in a MO performance of ∼85% correct. For the NPWE, the results were then compared to the synthetic template 13 and to the original proposal for construction of the acquired template with 100 acquisitions. In the case of the CHO, the AUC was obtained after training on both signal present and signal absent RoIs, referred to as SP-trained, and the results were then compared between the SP-trained and the original method to construct the acquired template.
Approach 1: Template from homogeneous backgrounds
For the template generated from the separately acquired images, we evaluated eight different acquisition strategies. The AUC values obtained using the different acquired templates were compared to the AUC value obtained when using a synthetic signal. In Table 1 , an overview of the eight acquisition strategies evaluated can be found. The synthetic signal used was produced by creating an artificial high-resolution disk, which was then downsampled to match the 0.25-mm disk. Using the eight acquisition strategies, the following five experiments were conducted:
1. Matching the relative position of the 29 gold disks (see Fig. 2 ) in the signal present image and the templates. For the second approach, we explored template extraction directly from the acquired anthropomorphic breast phantom images. The benefit of direct extraction from acquired anthropomorphic breast phantom images is that image processing can be applied before the templates are constructed. Within the anthropomorphic breast phantom image, we have defined an area without structures, simulating a fatty area. The sheet with the gold disk was subsequently positioned in the anthropomorphic breast phantom such that one gold disk was positioned inside this area. Subsequently, five images were acquired at each of two phantom incident air kermas: 1.26 and 4.2 mGy. Subsequently, the sheet was moved slightly such that the disk remains inside the predefined "fatty area" of the phantom and again five exposures at each air kerma level were made. This procedure was repeated such that we acquired five exposures for each of the five (re)positions, for each dose level. From the acquired images, a template was generated in a similar way as described in Approach 1 (template from homogeneous backgrounds), and we compared the results of the MO using a template obtained after (1) a single acquisition, (2) five acquisitions, and (3) five acquisitions with five different repositions for both dose levels. Figures 3 and 4 show the AUC estimated using the NPWE for the images acquired at 0.36 mGy with the templates generated using approaches 1 and 2, respectively. These figures show that for the acquired templates, the resulting AUC values are comparable to the AUC values obtained with the synthetic template. For approach 1 (template using a homogenous background, Fig. 3 ), it was found that averaging over multiple acquisitions and multiple repositions did not have a significant impact on the AUC or its standard deviation (p > 0.05). However, in case of averaging over three different disks (average 3 a and average 3 b), a dependence on the RoIs used is visually noted. This suggests that the disks involved in the averaging process were not identical, which could be caused by one of the gold disks being defective. Furthermore, matching the relative disk position of the template and the images compared to averaging over multiple disk positions did not affect the AUC. For approach 2 (template using the anthropomorphic breast phantom images, Fig. 4) , however, it was found that averaging over multiple acquisitions and multiple repositions decreased performance compared to using the synthetic template. By contrast, using a single image as the template resulted in a similar AUC value as with the synthetic template. Since the AUC was not dependent on the dose level used to generate the template, the same dose level as that used for the test images is preferred for practical reasons. Figures 5 and 6 give the AUC for the CHO, showing that the observed AUC values obtained when training based on signal present and signal absent images (SP-trained) are comparable to those of training on signal absent images and the acquired template. For the CHO, the impact of the different approaches to obtain the template on the AUC was very similar to that found using the NPWE. The only noticeable difference when comparing Figs. 4 and 6 is that averaging the phantom template images seems to have a smaller effect on the AUC for the CHO than for the NPWE.
Results
Acquired Template Strategies
Since it was found for both the NPWE and the CHO that the number of images and the number of repositions did not influence the estimated AUC or its standard deviation for approach 1, choices regarding template construction can be based solely on practical aspects. Thus, to study the effect of dose on AUC, we chose to use the template constructed from a single disk position and a single image for approach 1. For approach 2, averaging multiple images was found to trigger only a small decrease in AUC values. Therefore, for approach 2, we also selected the template from a single image acquired with an incident air kerma of ∼1.26 mGy. Figure 7 shows the five different templates used to evaluate the impact of dose on AUC. This figure shows that the template proposed originally [ Fig. 7(b) ] results in a somewhat blurred representation of the disk compared to the synthetic disk [ Fig. 7(a) ]. However, a disk-like signal can still be visually identified. For both approaches 1 and 2, although identifying a disk is more difficult for the human observer, the results discussed above show that this had no or a limited effect on the reported AUC values. Figures 8 and 9 show the AUC as a function of dose for the NPWE MO and CHO, respectively, using the templates given in Fig. 7 . These AUC values were compared with the synthetic template (for the NPWE) and the SP-trained condition (for the CHO). Both figures show that the trend with dose for the different acquired templates is as expected and comparable with the trend for the synthetic template or SP-trained condition, respectively. Comparing the NPWE and CHO graphs, it is noted that, in general, the NPWE results in substantially higher AUC values than the CHO. Comparison of the AUC values from different acquired templates shows that there are no substantial differences among them. However, minor differences are observed, especially at the lowest dose level, where approach 2 (templates from anthropomorphic breast phantom images) seems to result in slightly lower AUC values.
Effect of Dose
No difference in AUC values between unprocessed and processed images was noted for the different templates using the NPWE (Fig. 8) . Table 2 shows the error bars corresponding to Fig. 8 . One can observe that the mean AUC at 0.54 mGy is lower than mean AUC when dose is doubled (i.e., at 1.26 mGy). However, the error bars show small partial overlap between the confidence interval of AUCs on images acquired at these two different dose level AUCs.
Moreover, the AUC of processed and unprocessed templates was almost identical. On the other hand, for the CHO (Fig. 9 and Table 3 ), minor differences were observed for the processed and unprocessed templates. 
Discussion
In the current study, we optimized the procedure to generate signal templates from acquired images such that a minimum number of images can be used to construct the signal template without introducing a bias or an increase in the uncertainty in the measured AUC values. The most straightforward procedure to obtain the signal template was found to be derived from a single disk from a single acquired image of the anthropomorphic phantom. This approach is preferred since this method allows for the construction of templates from the processed image, resulting in a signal template that is expected to better resemble the signal in a clinical diagnostic task. In some cases, AUCs were high (e.g., Fig. 3 ). If a more difficult detection task was used, the method to generate templates, as described in this paper, would probably remain unaffected for an even lower dose level or lower signal attenuation (which both are methods to make the task more difficult). This is in fact shown in Fig. 4 , where one can notice the robustness of the method even at lower AUC values. However, at lower AUCs, the error bars are larger. Therefore, at considerably lower AUC values, it would be expected that a higher number of images would be needed.
The images of the gold disks embedded in anthropomorphic backgrounds were acquired at low dose levels, in order to avoid MO performance of 100% correct. However, we found that the task is more difficult for the humans. We have actually conducted a human observer study with these images for the detection of the 0.25-mm disks and found AUC of ∼0.85 at the dose level of 0.36 mGy. This is published by Balta et al. 1 In QC procedures, we envision that the human observer performance is predicted rather than matched with the MO. We would like to predict the human out of the MO performance using a regression curve, for instance, and not matching the exact values of AUC of the MO and AUC of the humans.
Although the results for using acquired templates from a single object in a single exposure look promising, it is noted that the signal does not seem to resemble a disk due to blurring and/ or noise. This is even more apparent when the disk is obtained from images of the anthropomorphic phantom (approach 2). It is expected that this difference in visual appearance arose because of the low signal difference to noise ratio of the object. This means that we might need to improve the inward interpolation used to cancel out the noise. Noise reduction can also be obtained by averaging multiple exposures together. However, this study shows that averaging over multiple acquisitions results in more noise and/or blurring of the signal (Fig. 7) . It is expected that these issues could be reduced by applying a subpixel-shift approach when summing the individual images to construct the template (super-resolution 23 ). Nevertheless, it could be argued that the benefit of further optimization would be limited since the AUC value of the acquired template is already approaching the AUC obtained using a synthetic template, which is, by definition, noise-less and sharp.
Image processing is expected to have an impact on the detection performance since it influences the visualization of the images. However, in this study, we found that using either the processed or unprocessed template did not have an effect on the AUC using the NPWE, and only a minor effect when using the CHO. This suggests that the impact of image processing on this system is small for the detection of calcification-like signals. Analyzing these images by human observers, 1 as done previously, showed that for this system and this type of processing, the impact on detectability of the 0.25 mm object was small. This study showed that the choices made regarding the template formulation have a minimal impact on the results of MOs. Therefore, the template construction can follow clear instructions that can be used for QC procedures. Based on these and our previous results, 1 we could design the new QC phantom consisting of an anthropomorphic breast phantom and a thin sheet positioned inside. This thin sheet should be designed with multiple gold disks, such that a few of them could be positioned in an area of adipose-like tissue so that they can be used to obtain the expected signal from a single exposure as shown in this work.
Regarding the number of RoIs needed for the MO experiments, the phantom choice also plays an important role. The phantom area needs to be sufficiently large to provide the MO with the number of RoIs required for training and testing. In this study, and in previous MO studies, 200 pairs of RoIs were used for each conditition.
1,2 Based on the study of Yu et al., 19 the average breast in craniocaudal view is 154 cm 2 . Therefore, a physical anthropomorphic phantom to be used for QC tests should have these dimensions. With such a phantom, we would be able to fit a number of RoIs per exposure, and then reposition the aluminum sheet with the gold discs and re-expose. To make the procedure suitable for QC, this number of exposures and repositions can be as low as possible by using a sufficient number of gold disks within the phantom.
One limitation of this study is that calcification detection is just one part of the task of the radiologist in mammography. Further research should therefore also include other tasks like, for example, the detection of masses. The proposed approach to determine the acquired template needs to be reevaluated for different signal sizes and shapes. The interpolation patch will probably need to be adjusted accordingly. For example, the circular signals used in this study were small enough to be approximated by a squared-shaped interpolation patch. However, if larger or irregular-shaped signals are going to be used, the patch shape and size should follow the geometric characteristics of the signal, taken into account the blurring of the mammography system and minimize the amount of noise found within the final template. Another limitation is that this method was implemented only on one type of mammography system. Should another system with worse spatial resolution be tested, the size of the RoIs and the size of the template signal would be larger. This also means that the signal size in the testing image size would appear larger. For acquired templates, by definition, the template is influenced by system characteristics (like blur). Therefore, if another system would have been used, this would affect the results but the general method described in this study would still be applicable.
Also, in the final QC method, a difference in dose should be discernable. The sensitivity of the future QC method should be taken into account in the development of the final QC procedure: number of phantom images, number of signal RoIs in a phantom, number of background RoIs, and the choice of parameters of the MO. This will be investigated in the future.
Using the next generation of phantoms, we can further evaluate the detection of calcifications with different DM systems including image processing. Eventually, this should result in a framework to assess image quality, which could form the basis for the next generation of QC guidelines. Table 3 The mean AUC and error bars for the different template formulations investigated using the CHO. "Orig. template" stands for the original template and "IAK" for the incident air kerma in mGy. 
Conclusion
We optimized a previously proposed procedure to derive a signal template from acquired images for the NPWE MO and the CHO. We found that a straightforward procedure based on a single exposure of a single disk was sufficient to generate an appropriate signal template. Based on the findings of this study, the next step will be to design an anthropomorphic phantom with a reference disk positioned in a fully adipose-like region so that the expected signal template can be derived directly from the acquired images. Using this phantom, further studies should be performed to propose procedures for the actual image quality evaluation with MOs using an anthropomorphic phantom.
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